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Multi-stage centrifugal compressors used for air-conditioning applications are traditionally designed to have near-
identical impeller tip diameters. This kind of design can ensure even work delivered into refrigerant gas by each 
stage.  This design simplification may have profound drawbacks on compressor efficiency, especially for chillers 
using an economizer cycle, where each stage of compression deals with an increasing mass flow rate. For those 
multiple stage centrifugal compressors connected with economized cycle chillers, the flow of the later stage of the 
compressor is merged with the flow from the economizer. Therefore, the flow rate for each stage will be much 
different at any given time. Non-equal impeller diameters will thus show performance advantages.  A possible 
reason for benefit of non-equal diameters is to put more work into higher efficiency stages.   
 
This paper will show that, by removing this design constraint and judiciously size each stage tip diameter, 
compressor efficiency can be improved by up to 5% or on average level around 2.4%.  Analytical studies, based on 
Euler power, and laboratory experiments have both validated these gains. By extensively using geometric similarity, 
the proposed methodologies are also applied to other compressors in the same family and similar performance 
improvement can be achieved.  Since the non-equal impeller designs extensively use the existing impeller map data 




The head of the centrifugal compressors in comfortable air conditioning application is decided by difference of 
saturation pressures for both evaporator and condenser shells. The mass flow rate, or equally volumetric flow rate, is 
basically decided by the chiller cooling capacity. The compressor intakes refrigerant vapor that is usually without 
super heating from evaporator shell (Ingersoll Rand, 2008). The refrigerant isentropic enthalpy rise from evaporator 
to condenser is the required specific work for air conditioning process. Considering the aero performance efficiency 
the centrifugal compressor must deliver more work than that required one. A single stage compressor usually cannot 
provide enough energy and thus multiple-stage compressor is required.  
 
The compressor configuration design is a process that uses existed compressor performance maps to determine 
impeller tip sizes based on customer’s requirements which are weather conditions and cooling capacity. The weather 
conditions directly affect saturation pressures of evaporator and condenser shells, through which the minimum 
enthalpy rise (head) of the compressor can be calculated. The cooling capacity not only directly determines 
compressor flow rate, but also partially influences on the compressor enthalpy rise.  Proper size for each impeller 
will provide required head. In order to determine impeller size one common method is to set all impellers to same tip 
diameters. This algorithm is easy to be implemented and widely being used in commercial air conditioner 
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manufactures. However it is well know that, for the multiple stage centrifugal compressors, each stage possesses 
different head/flow and efficiency/flow maps. Impellers with same diameter are therefore not necessary to be the 
configuration through which the best overall chiller performance can achieve.  
  
1a: Two-stage unit –one economizer   1b: Three-stage unit–two economizers 
Figure 1: Design schematics for centrifugal chiller with economizers  
 
  
This paper proposes a methodology of how to optimally configure impeller sizes for multiple stage centrifugal 
compressors to achieve better overall performance of chillers comparing with traditional equal impeller 
configurations. The gain can be directly reflected on the chiller manufacturing cost saving for equivalent 
performance. Since the non-equal impeller designs extensively use the existed impeller map data, its design lead 
time is also considerably shorter. 
 
 
2. THEORY AND METHODOLOGY 
 
 
2.1 Impeller power capability  
 
Both head (isentropic enthalpy rise) and flow rate prescribe the minimum energy that refrigerant vapor must absorb 
from compressor stage. The specific work delivered from each stage to operating gas can be given by Euler turbine 
equation (Dixon, 1998): 
 
𝑤 = 𝑈2𝑉𝜃2 − 𝑈1𝑉𝜃1     (1) 
 
For the chillers working at their full capacities, their inlet guide vanes (IGV) are always fully opened. Therefore the 
second term of the Euler equation can be ignored, which causes: 
 
w = U2Vθ2 ∝ U2
2 ∝ N2D2
2     (2) 
 
Where D2 is the impeller tip diameter. For multiple stage compressors the specific work is proportional to the 
summation of impeller tip diameter square: 
 
𝑤 ∝ 𝑁2 ∑ 𝐷2𝑖
2       (3) 
 
The above relationships ignore a few impacts, such as the slip influence, but are good enough to describe the 
application.  If the compressor is the fixed speed directly driving, the shaft speed can be even omitted and get  
 
𝑤 ∝ ∑ 𝐷2𝑖
2       (3’) 
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2.2 Impeller size determination   
 
The performance of chillers with multiple stage centrifugal compressor can be improved by 5-10% if proper 
designed economizer tank is hooked between compressor stages. Figure 1 below shows centrifugal chiller design 
schematics (Wu and Thilges, 2014). The compressor aero performance maps include head coefficient-Q/N map and 
adiabatic efficiency-Q/N map for several selected impeller tip sizes of each stage. Those maps were tested and saved 
in database. Maps for any size impeller can be interpolate or extrapolate from those tested maps.  
 
The compressor configuration includes deciding impeller sizes for each stage based on customer’s weather condition 
and required cooling capacity. After impeller sizes is decided, the compressor performance, chiller performance and 
chiller cost can thus be calculated from the tested maps. 
 
 
   
2a: Head distribute            2b: Economizer pressure calculation    2c: Mass flow calculation 
Figure 2: P-h Diagram for impeller configuration procedure 
 
Figure 2a-2c are shown the configuration principle for 2-stage centrifugal chiller, whose principle is same as that of 
other compressors whose stage is more than 2. The principle is illustrated on refrigerant p-h chart. The customer’s 
weather condition can be translated into saturation pressures of evaporator and condenser shells which are 
compressor suction and discharge pressures, respectively. Thus the isentropic enthalpy rise (head) of entire 
compressor can be calculated, as shown in Figure 2a. The next step is to distribute the head to each stage. The 
economizer saturation pressure can be calculated based on stage enthalpy rise and isentropic process, as shown in 
Figure 2b. The last step of the configuration is to calculate the mass flow rate and real head for each stage. As shown 
in Figure 2c, known h5=h6,  h7=h8, and h1 and h2”, the mass flow rate for the first stage of the compressor is  
 
𝑚1̇ = 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦/(ℎ1 − ℎ8)   (4) 
 
The economizer mass flow 
 
 𝑚𝑒𝑐̇ = 𝑚1̇
ℎ5−ℎ7
ℎ2"−ℎ5
       (5) 
 
The next stage mass flow: 
 
𝑚2̇ = 𝑚𝑒𝑐̇ + 𝑚1̇       (6) 
 





     (7) 
 
Where the h2’ can be found from entropy s1 and economizer pressure, see Figure 2b. Entropy s2 can be found from 
h2 and economizer pressure. Enthalpy h4 can be found from s2 and condenser pressure, see Figure 2a. Therefore the 
real head for each stage is  
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𝐻𝑒𝑎𝑑1 = ℎ2′ − ℎ1     (8a) 
 
𝐻𝑒𝑎𝑑2 = ℎ4 − ℎ2     (8b) 
 
Both head and flow together can be used to access the pre-tested stage performance maps to retrieve the stage 
efficiency to calculate chiller overall performance.    
 
From the above discussion one can find out that different head distribution strategy results in different stage 
efficiency and thus different chiller performance which will result in different manufacturing cost for equivalent 
performance. The traditional way is to evenly distribute the total head to each stage which can get same impeller tip 
diameter for each stage. However this plan cannot always ensure the compressor stage to be at the optimal 
efficiency. Or there may exist other plans through which the better compressor efficiency can be retrieved 
comparing to the equal distribution plan that will be taken as the baseline in following discussions.  
 
2.3 Data mining and Cartesian sweep  
 
The amount of energy that impeller should deliver depends upon mass flow rate, specific work and stage efficiency. 
As discussed above the specific work is related to the summation of square of impeller size. Mass flow rate that 
mainly decided by the cooling capacity is also affect the impeller size. Stage efficiency with respect to mass flow 
rate is the character of each compressor stage.  
 
Cartesian sweep is used to enumerate and simulate all possible combinations of variables { head, flow rate, impeller 
sizes} over pre-existed compressor performance maps. The simulation returns chiller’s overall performance for each 
combination, either based on full load or part load.  Further, for a given {head, flow rate}, there always exists a 
group of impellers through which the overall performance is the best. Record down this combination: {given {head, 
flow rate}, best impeller size}. Apparently from this record the diameter ratios, R1=D1/D2 and R2=D2/D3 (for 3-
stage compressor only) can be simply calculated. For same given {head, flow rate} the equal impeller configuration, 
{given {head, flow rate}, equal impeller size} which is the baseline, is recorded as well. Since the summation of the 
square of impeller size can be related to the {head, flow rate}, one can create a relation from the baseline to 
optimized one by using data fitting method. Similarly relations from baseline summation of impeller size square to 
diameter ratios can be created too, as shown in Figure 3 which shows typical 2-stage (Figure3a) and 3-stage (Figure 
3b) compressor configuration optimization models based on Cartesian sweeps. 
 
Under the premise that the equal impeller configuration, or baseline, is known, the summation of square of impeller 
size and diameter ratios can be calculated through their data fitting formula indicated in the Figure 3. Therefore all 




3a: Models for 2-stage compressor 








3b: Models for 3-stage compressor 
 




3. RESULTS AND DISCUSSIONS 
 
 
The non-equal impeller configuration method described in previous sections are successfully applied to a few 
centrifugal chillers that work with refrigerant R1233zd(E) and CTV centrifugal chillers that work with refrigerant 
R123. Its algorithm has been implemented into the Ingersoll Rand-Trane’s commercial ECTV configuration system. 
Comparing to the traditional equal impeller configuration, a typical 4% manufacturing cost can be saved due to the 
improved performance.  
 
Figure 4, 5 and 6 show the performance gain of non-equal impeller configuration for selected ECTV centrifugal 
chillers. They are CVHH 1700, chiller with 2-stage centrifugal compressor, shown in Figure 4; CVHH 950 chiller 
with 3-stage centrifugal compressor, shown in Figure 5; CVHH 900 chiller with 2-stage centrifugal compressor that 
is driven in both fixed speed and variable speed modes, shown in Figure 6.  The target of the configuration 
optimization can be either full load performance, chiller overall kW/ton, or part load performance that is based on 
weighted average at selected evaluating load percentages prescribed in ARI standard 550/590.  In most cases 
significant part load performance improvement can also be gained even the optimization target is set to be the full 
load performance, and vice versa.    
 
Generally when the fixed speed driving chiller works at high capacity and high head conditions, it requires high 
impellers, under which the non-equal impeller configuration shows more performance improvements optimized on 
both full load and part load, for both 2-stage compressors chiller, Figure 4a, 4b , 6a and 6b, and 3-stage ones, Figure 
5a, 5b.  
 
The performance improvements for the fixed speed 2-stage chillers are much higher than the 3-stage ones. The 
Figure 4a shows the average full load performance improvement is 4.7%  for high impeller, 2.1% for medium 
impeller 0.5% foe low impeller. However, for 3-stage chiller shown in Figure 5a those numbers are 1.8%, 1.3%, and 
negligible, respectively. Comparing to Figure 4b and 5b, similar conclusions can be obtained. There may existed  a 
few reasons. One of them is that the impeller size difference obtained through optimization calculation for 3-stage 
compressor is bigger than that of the 2-stage compressors. Therefore 3-stage optimization is easily suffer to the 
restrictions of mechanical structure designs, such as rotor dynamics limits, and the configuration system had to 
discard optimized configuration but picked up other configurations. This seems to provide some hints of cooperation 
between designers in different area. 
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  4b: Optimized to part load performance 
 
Figure 4: Optimization results for 2-stage compressor, CVHH 1700.   
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5a: Optimized to full load performance 
 
 
5b: Optimized to part load performance 
 
Figure 5: Optimization results for 3-stage compressor, CVHH 950. 
 
 
Figure 6 compares the improvements for fixed speed and variable speed driving of 2-stage compressor chiller.  For 
the fixed driving, the pattern of the performance improvement is similar to those for CVHH 1700 and CVHH 950 
described above. However the substantial benefit from the variable speed driving compressor is on the part load 
performance improvement. The benefit exists on two aspects. First it is spread to entire range, i.e. from low impeller 
to high impeller, rather than only on medium and high impeller, which is typical in fixed speed driving. The second 
the magnitude of the part load performance improvement is munificently greater than that of in fixed speed driving. 
The reason is perceptible that is variable speed driving provides more optimization manipulation space through 
which better optimization may be reached. 
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6b: Fixed speed and optimized to part load performance  
 
 
6c: Variable speed and optimized to full load performance  
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  6d: Variable speed and optimized to part load performance.   
   





Comparing to the equal impeller configuration, the non-equal impeller configuration can optimally allocate the head 
duty for each stage of a centrifugal compressor, which reveals a feasible way to save manufacturing cost without 
deteriorating performance.  
 
Impeller configuration optimization can be either on full load performance or part load performance. In most cases 
they are consistent, i.e. the part load performance improvement can also be reached even the optimization target is 
full load performance, and vice versa. 
 
For the fixed speed driving compressors, the improvements for both full load performance and part load 
performance are mainly on high and medium impellers. However, the variable speed driving compressors, the 
improvements of part load performance can be achieved through entire range, i.e. from low impeller to high 




D Impeller blade tip diameter (inch) 
?̇?  Mass flow rate   (lbm/sec) 
N Impeller shaft speed  (RPM) 
U Impeller tangential velocity (foot/sec) 
V Impeller absolute velocity  (foot/sec) 









1 Location of centrifugal compressor stage inlet 
 Impeller inlet 
2 Location of centrifugal compressor stage exit; 
 Impeller exit; 
 The 2nd stage impeller inlet 
2’ Isentropic exit of the 1st stage impeller 
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2” Gas status of the economizer 
4 Isentropic exit of the last stage impeller 
4’ Isentropic exit of the centrifugal compressor 
5 Liquid status of condenser 
6 Economizer flash point 
7 Liquid status of economizer 
8 Evaporator flash point 
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